Coherent wave effects of thermal phonons hold promise of transformative opportunities in thermal transport control but remain largely unexplored due to the small wavelength of thermal phonons, typically below a few nanometers. This small length scale indicates that, instead of artificial phononic crystals, a more promising direction is to examine the coherent phonon effects in natural materials with hierarchical superstructures matching the thermal phonon wavelength. In this work, we use first-principles simulations to characterize the previously unstudied thermal properties of dodeca-graphene (D-graphene) and tetra-graphene (T-graphene), two-dimensional carbon allotropes based upon the traditional graphene structure but containing a secondary, in-plane periodicity. We find that despite very similar atomic structure and bonding strength, D-graphene and T-graphene possess significantly different thermal properties than that of pristine graphene.
Introduction
The in situ control of wave propagation through conventional media is of great interest and significance to many problems across numerous fields. Significant research has been put into the design and engineering of metamaterials, artificial structures that typically have periodic orders matching the wavelength of the propagating waves (e.g. light and sound), resulting in highly unusual bulk material properties that are typically not found naturally. Photonic metamaterials, or photonic crystals, have provided unprecedented capability to control the propagation of light 1 .
Acoustic metamaterials have been designed with negative indices of refraction 2 or negative bulk moduli 3 , for uses in applications such as acoustic cloaking or acoustic imaging. Successful manipulation of wave propagation in materials typically requires a feature size comparable to or smaller than the relevant wavelengths present. This makes the design of effective thermal metamaterials difficult, as the wavelength of thermally relevant phonons is typically on the order of a few nanometers. Coherent wave effects of thermal phonons hold promise of transformative opportunities in thermal transport control 4, 5 , but remain largely unexplored due to the small wavelength of thermal phonons. Luckyanova et al. observed enhanced thermal conductivity in GaAs/AlAs superlattices 6 with a 24 nm period due to coherent transport of long wavelength acoustic phonons across the interfaces, and further discovered coherent backscattering, or localization, of phonons in the same structure 7 with ErAs dots randomly distributed at the interfaces. Ravichandran et al. observed a transition from incoherent phonon scattering at interfaces to coherent phonon transport in epitaxially grown SrTiO3/CaTiO3 and SrTiO3/BaTiO3 oxide superlattices 8 when the period of the superlattices becomes approximately 1 nm. These seminal studies exemplify the great potential of tuning phonon thermal conductivity via coherent interference of thermal phonons, but were conducted only at cryogenic temperature so that the characteristic size of the artificial structures matches the wavelength of the phonons that dominate the thermal transport. As pointed out by Lee et al., phonon coherence becomes negligible in silicon phononic crystals with a periodicity above 100 nm when the temperature is above 14 K 9 , where incoherent phonon scatterings at the boundaries dominate the thermal transport 10 . Computationally, the coherent hybridization of propagating long-wavelength acoustic phonons with local resonances introduced by artificial periodic structures has been shown to significantly alter the thermal conductivity, whereas the required size of the artificial structures is typically a few nanometers 11, 12 .
This small length scale indicates that, instead of artificial phononic crystals, a more promising route to observing and exploiting coherent phonon effects at a higher temperature is to examine the coherent phonon effects in natural materials with hierarchical superstructures matching the thermal phonon wavelength. Recently, Guo et al. used first-principles simulations to examine the phonon transport across van der Waals heterostructures with interlayer distances matching the thermal phonon wavelength, where they observed strong effects of phonon coherence leading to highly anisotropic thermal conduction and ultralow thermal conductivity below the amorphous limit 13 . Due to the weak interlayer van der Waals interaction, however, the cross-plane thermal conductivity of van der Waals heterostructures is intrinsically low, which limits the achievable tuning range via phonon coherence. In this work, we use first-principles simulations to investigate in-plane phonon transport in graphene-based two-dimensional (2D) materials with an intrinsic superstructure, a secondary periodicity that matches the thermal phonon wavelength at room temperature. Coherent phonon transport in 2D materials is of particular interest due to its potential co-existence and interplay with other features of phonon transport, such as hydrodynamic phonon transport [14] [15] [16] , enhanced resonant bonding 17 and electron-phonon interaction 18 . The two structures studied are metastable allotropes of graphene 19 , named dodeca-graphene (D-graphene) and tetra-graphene (T-graphene) 20 , as shown in Fig. 1(a)(b) . We observe a drastic reduction, up to 80% and 73%, of the in-plane thermal conductivities of D-graphene and T-graphene compared to pristine graphene at room temperature despite similar bonding strengths, as shown in Fig. 1(c) , which we attribute to the phonon-coherence-induced reduction of the phonon group velocity, enhancement of the phonon scatterings and suppression of hydrodynamic phonon transport. Our analysis provides quantitative understanding about the impact of phonon coherence on various aspects of thermal transport in 2D materials and demonstrates the possibility to tailor thermal conductivity of 2D materials without altering their fundamental compositions.
Computational Methods
The D-graphene unit cell contains 12 carbon atoms and is constructed by adjoining two graphene unit cells such that they do not share a side. The T-graphene has a square lattice with 4 carbon atoms in each unit cell. The crystal structures are shown in Fig. 1 Likewise, a 4 × 3 × 1 T-graphene supercell was constructed, also containing 48 atoms and revealing a secondary octagonal symmetry. Due to the low density of atoms at the unit cell corners, these superstructures result in highly porous structures, a design archetype that is commonly found in many engineered thermal metamaterials 9, 10, 23, 24 , but with a much smaller characteristic length scale. The second order, harmonic, interatomic force constants (IFCs) were obtained by utilizing density functional perturbation theory (DFPT) using the VASP package. Phonon dispersions for graphene, D-graphene, and T-graphene were calculated using these harmonic IFCs in concert with the PHONOPY package 25 , and are shown in Fig. 2 . Both D-graphene and T-graphene are dynamically stable as no imaginary frequencies are observed in their phonon dispersions.
The phonon Boltzmann transport equation (BTE) was solved using the ShengBTE 26 package in order to study the thermal transport properties of D-graphene. The lattice thermal conductivity tensor ( ) can be written as:
where p and q are the phonon branch and wave vector, respectively, ,-is the phonon specific heat capacity, / = / is the phonon group velocity, and is the phonon lifetime and is also equivalent to the inverse of the phonon scattering rate. The calculation of required the calculation of the third order, anharmonic IFCs. These were calculated using VASP, using the same supercell and k-mesh as for the 2 nd order IFCs. Then, the phonon BTE was solved iteratively using 
Results and Discussions
The calculated lattice thermal conductivities of graphene, D-graphene and T-graphene are shown in Fig. 1(c We hypothesize that the significant thermal conductivity reduction of D-and T-graphene is due to the phonon coherence effect, given that both structures contain a secondary periodicity compared to graphene. The D-graphene structure can be constructed by replacing each atom in a graphene honeycomb lattice with a hexagonal ring of carbon atoms. Similarly, the T-graphene structure can be constructed by combining a square lattice with a 4-atom square basis. As the periodicity of these superstructures (6.76 Å for D-graphene and 3.47 Å for T-graphene) is on the same order of the wavelength of the heat carrying acoustic phonons, it is expected that the interference of phonons with matching wavelengths will induce frequency gaps in the spectrum and suppress the phonon group velocity, as have been observed in artificial phononic crystals 4 . In the current case, however, these coherence effects are expected to have appreciable effects on the thermal conductivity even at room temperature due to the much smaller characteristic lengths.
To verity our hypothesis, we first analyze the phonon dispersions of the three allotropes, as shown in Fig. 2(a) We further examine the phonon-phonon scattering rates of the acoustic modes in the three carbon allotropes, as shown in Fig. 3 . The scattering rates of the ZA modes, shown in Fig. 3(a) , in all three allotropes show similar scaling with the phonon frequency. The scattering rates in Dgraphene and T-graphene are higher than those in graphene, mainly due to the increased phonon density of states in this frequency region, as shown in Fig. 3(d) , which in turn is caused by the suppressed group velocity of the acoustic phonons in D-graphene and T-graphene. Of particular interest is the enhancement of phonon scattering near the frequency gaps, which is expected to happen due to the local high phonon density of states and enlarged phonon scattering phase space.
This effect is clearly exhibited in the scattering rates of TA and LA phonons, as shown in Fig. 3(b) and (c). Clear peaks of scattering rates of both TA and LA phonons in D-graphene appear near 3
THz, which coincides with the upper edge of the frequency gap in D-graphene, as marked by the arrows in Fig. 3(b) and (c). In the case of T-graphene, upturns of the scattering rates for both TA and LA phonons are observed near 10 THz, as a result of strong hybridization between the ZA mode and the low-lying optical mode. These distinct features will significantly contribute to the reduction of the thermal conductivity of D-graphene and T-graphene.
In Table I , we analyze the mode-specific contributions to the thermal conductivity.
Acoustic modes contribute to almost the entirety of the conductivity of graphene and the out of plane acoustic (ZA) contribution comprises the majority of the conductivity, contributing 83.85%, which agrees with values previously reported 27 . Remarkably, the ZA contribution in D-graphene and T-graphene is reduced significantly, falling to roughly 47% and 60%, respectively. In addition to the factors discussed previously, namely the reduced group velocity and enhanced scattering rates, another important factor is the breakdown of the hydrodynamic transport of the ZA phonons in D-graphene and T-graphene 14, 16 . In graphene, the quadratic dispersion and strong anharmonicity of the ZA phonons lead to dominant momentum-conserving normal phonon-phonon scattering over the momentum-destroying Umklapp phonon-phonon scattering, which gives rise to hydrodynamic transport of the ZA phonons 14 . In the hydrodynamic regime, the phonon transport is much less dissipative, an effect that significantly contributes to the extraordinary high thermal conductivity of graphene. In D-graphene and T-graphene, however, the hydrodynamic transport of ZA phonons is expected to be suppressed, due to the shrunk Brillouin zone and the flattened ZA phonon dispersions. We verify this hypothesis by explicitly calculating the normal and Umklapp phonon-phonon scattering rates in all three carbon allotropes at 100 K and 300 K, as displayed in Fig. 4 . In the case of graphene, most clearly seen at a lower temperature (100 K, Fig. 4a ), the normal phonon scattering rates are one to two orders of magnitude higher than the Umklapp phonon scattering rates. Even at room temperature (300 K, Fig. 4d ), the normal phonon scatterings still play the dominate role. In the case of T-graphene and D-graphene, however, the normal and Umklapp phonon scattering rates are at comparable levels at both 100 K and 300 K, especially for the low-frequency acoustic phonons which are the major heat carriers in these materials. The breakdown of hydrodynamic phonon transport in D-graphene and T-graphene will significantly increase the dissipation during heat conduction and further suppress their thermal conductivities.
In summary, we apply first-principles phonon simulation to understand the thermal 
